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ABSTRACT
While accreting through a circumstellar disk, young stellar objects are observed to undergo sudden
and powerful accretion events known as FUor or EXor outbursts. Although such episodic accretion is
considered to be an integral part of the star formation process, the triggers and mechanisms behind
them remain uncertain. We conducted global numerical hydrodynamics simulations of protoplanetary
disk formation and evolution in the thin-disk limit, assuming both magnetically layered and fully mag-
netorotational instability (MRI)-active disk structure. In this paper, we characterize the nature of the
outbursts occurring in these simulations. The instability in the dead zone of a typical layered disk
results in “MRI outbursts”. We explore their progression and their dependence on the layered disk
parameters as well as cloud core mass. The simulations of fully MRI-active disks showed an instability
analogous to the classical thermal instability. This instability manifested at two temperatures–above
approximately 1400 K and 3500 K–due to the steep dependence of Rosseland opacity on the temper-
ature. The origin of these thermally unstable regions is related to the bump in opacity resulting from
molecular absorption by water vapor and may be viewed as a novel mechanism behind some of the
shorter duration accretion events. Although we demonstrated local thermal instability in the disk,
more investigations are needed to confirm that a large-scale global instability will ensue. We conclude
that the magnetic structure of a disk, its composition, as well as the stellar mass, can significantly
affect the nature of episodic accretion in young stellar objects.
Keywords: protoplanetary disks — stars: formation — stars: variables: T Tauri — hydrodynamics —
methods: numerical
1. INTRODUCTION
During the process of star formation, the angular mo-
mentum contained in the parent molecular cloud results
in an accretion disk surrounding the star, which ulti-
mately provides material for planet formation. Several
lines of reasoning suggest that the accretion through
such a protostellar (early times, relatively massive disk)
or protoplanetary disk is not steady and monotonically
decreasing but highly time dependent. Embedded pro-
Corresponding author: Kundan Kadam
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tostars in star forming regions consistently show about
an order of magnitude lower luminosities as compared
to simple theoretical predictions (Kenyon & Hartmann
1995). An assumption that the young star mostly ac-
cretes in a low state, which is punctuated by periods
of high accretion rates, can solve this luminosity prob-
lem. Such variations, if they occur during late stages of
YSO evolution, may also explain the luminosity spread
observed in the Hertzsprung–Russell diagram of young
clusters (Hillenbrand 2009). Observations of young stel-
lar objects (YSOs) indeed show powerful and long-lived
outbursts; these are called the FU Orionis (FUor) or EX
Lupi (EXor) class of objects (Hartmann & Kenyon 1996;
Herbig 2008; Audard et al. 2014). FUors show outbursts
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2with an amplitude of several magnitudes, corresponding
to the luminosity of about 100L, and lasting for up
to over a hundred years. EXors typically exhibit about
an order of magnitude weaker and short-duration out-
bursts, although recent observations suggest that there
may be a continuum of duration and amplitudes rather
than two distinct classes. Thus, episodic accretion is
considered to be an integral part of low-mass star for-
mation, occurring at all early stages and responsible
for about 1/10 of the final stellar mass (Dunham &
Vorobyov 2012). A number of models have been put
forward to explain the origin of this eruptive behavior,
including thermal instability (Bell & Lin 1994), gravo-
magneto instability (Armitage et al. 2001), binary in-
teractions (Bonnell & Bastien 1992), accretion of pro-
toplanetary clumps (Vorobyov & Basu 2005), and mag-
netic field–disk interactions (D’Angelo & Spruit 2010),
including stellar magnetic cycles (Armitage 2016). De-
spite of this progress, as we elaborate in the following
sections, there remain significant uncertainties concern-
ing the mechanisms behind the outbursts. The impli-
cations of time-dependent accretion in YSOs also need
to be taken into account in all theories of planet forma-
tion, as these events can have profound effects on disk
dynamics, chemistry, mineralogy, dust properties, and
snow lines.
In this paper, we concentrate on the mechanisms be-
hind luminosity outbursts that were modeled in our sim-
ulations presented in Kadam et al. (2019). We con-
ducted global hydrodynamic simulations of protoplane-
tary disk formation and evolution in the thin-disk limit,
where the infall from the contracting cloud core and
a sub-astronomical-unit inner computational boundary
were included. The simulations are performed with two
distinct assumptions of the vertical disk structure. A
magnetically layered disk is assumed in the first set of
simulations, where magnetorotational instability (MRI)
is supported only in the surface layers of the disk due to
external sources of ionization. The second set of simula-
tions is conducted with the assumption that the proto-
planetary disk is MRI active throughout. In Kadam et
al. (2019), we showed that a magnetically layered disk
forms a dead zone, and moreover, near the inner edge
of the dead zone, axisymmetric dynamic rings also form
due to the action of viscous torques. A ring migrates
inward as the large-scale spiral density waves associated
with gravitationally unstable regions carry away angu-
lar momentum. Such a ring ultimately undergoes an
instability, resulting in the rapid accretion of the ac-
cumulated material onto the star and a corresponding
luminosity outburst. Because these outbursts are asso-
ciated with the sudden activation of magnetorotational
instability, they are termed as “MRI outbursts”. Here
the layered disk was modeled with an effective Shakura
& Sunyaev (1973) α parameter and considered to be
fully active above a specified critical ionization tem-
perature, while nonideal magnetohydrodynamic effects
were ignored. The fully MRI active disks, which are still
used for observational modeling, show a fundamentally
different type of outburst related to the thermal insta-
bility of the disk. Classical thermal instability ensues
at high temperatures when hydrogen is ionized, due to
the rapid change of opacity with temperature. In such
conditions, the cooling is decreasing with temperature
and the disk fails to maintain a vertical thermal equi-
librium. We show that similar instability can occur at
much lower temperatures when sophisticated gas opac-
ities, especially the effects of molecular absorption by
water vapor, are taken into account. Although the sim-
ulations do not take into account dust growth and dy-
namics, the effects of dust are considered implicitly via
opacities with an adopted dust-to-gas ratio of 1%. We
elaborate on the nature of eruptions related to both MRI
outbursts and thermal instability in detail, focusing on a
typical instance of each case. The simulations also show
accretion outbursts related to gravitational fragmenta-
tion and migration of the clumps onto the protostar; we
do not concentrate on this mechanism as it has been ex-
tensively studied, e.g., by Vorobyov & Basu (2015) and
Vorobyov & Elbakyan (2018).
In Section 2, we briefly summarize the disk model and
the simulations considered in this paper. In Section 3,
we investigate the trigger and progression of an MRI
outburst occurring in magnetically layered disks, while
in Section 4, we investigate the nature of thermal in-
stability in fully MRI active disks. We summarize and
conclude our results in Section 5.
2. MODEL DESCRIPTION AND INITIAL
PARAMETERS
We solve the full set of numerical hydrodynamic equa-
tions for the evolution of the circumstellar disk in the
thin-disk limit with a cylindrical geometry. This ap-
proach has the advantage of realistically modeling non-
axisymmetric structures in the disk while being compu-
tationally feasible for a global and long-term evolution
compared to full three-dimensional simulations. The
equations for the conservation of mass, momentum, and
energy are solved, while the pressure is calculated via
the ideal equation of state. The cooling rate of the
disk is based on the analytical solution of the radiation
transfer equations in the vertical direction (Dong et al.
2016). The heating includes background irradiation, as
well as stellar photospheric and accretion luminosity ir-
3radiation, where the flaring of the disk is also taken into
account (Vorobyov & Basu 2010). The Planck and
Rosseland mean opacities needed to compute cooling
and heating are taken from Semenov et al. (2003). The
coevolution of the forming protostar is calculated us-
ing the stellar evolution tracks provided by the STELLAR
code (Yorke & Bodenheimer 2008). We use a care-
fully implemented inflow–outflow (transparent) bound-
ary condition at the inner boundary, where the gas is
allowed to flow freely from the computational domain
to the sink cell and vice versa (Vorobyov et al. 2018).
The inner boundary was placed at 0.42 au so that the
behavior of the innermost, sub-astronomical-unit-scale
scale regions of the disk can be captured. The numeri-
cal simulations start from the gravitational collapse of a
starless cloud core and evolve into the embedded phase
of star formation when a star and the circumstellar disk
are formed. We assume the initial surface density and
angular velocity for an axially symmetric core collapse
of the nascent cloud core (Basu 1997). For a more de-
tailed description of the model including equations and
initial conditions, see Kadam et al. (2019).
We now summarize our model of accretion through
a disk with vertical magnetic structure. The physical
reasons behind the layered accretion and formation of
a dead zone in the disk, as well as the mechanism be-
hind MRI outbursts, are elaborated in Section 3. The
kinematic viscosity is parametrized using the Shakura
& Sunyaev (1973) α prescription:
ν = αeffcsH (1)
where cs is the sound speed and H is the vertical scale
height. The accretion through a layered disk structure
is taken into account by considering an effective and
adaptive α parameter:
αeff =
Σaαa + Σdαd
Σ
, (2)
where Σa is the gas surface density of the MRI-active
layer at the disk surface, Σd is that of the MRI-dead
layer at the midplane, and Σ = Σa + Σd is the total
surface density (Bae et al. 2014). The parameters αa and
αd set the strength of turbulent viscosity in the MRI-
active and MRI-dead layers of the disk, respectively. We
set αa to a canonical value of 0.01, while αd is defined
as
αd = αMRI,d + αrd, (3)
where
αMRI,d =
{
αa, if Tmp > Tcrit
0, otherwise,
(4)
and Tmp is the disk midplane temperature, while Tcrit
is the MRI activation temperature due to the ther-
mal effects caused by alkaline metals or dust sublima-
tion. Thus, with equation (4), the disk is assumed to
switch rapidly from a magnetically dead to a magneti-
cally active state above Tcrit. Magnetohydrodynamics
simulations show that the dead zone can have some
nonzero residual viscosity due to hydrodynamic turbu-
lence driven by the Maxwell stress in the active layer
(Okuzumi & Hirose 2011; Bai 2016). Therefore, we de-
fine the residual viscosity as
αrd = min
(
10−4, αa
Σa
Σd
)
. (5)
This expression ensures that accretion in the dead zone
cannot exceed that of the active zone, because the
nonzero αrd is assumed to be caused by the turbulence
propagating from the active layer down to the disk mid-
plane.
Another important aspect of the disk physics in terms
of the eruptive behavior is the properties of dust grains
and gas species taken into account as sources of disk
opacities. We have implemented the Rosseland and
Planck mean opacities based on the models of Semenov
et al. (2003), spanning temperatures from 5 K and
10000 K and gas densities between 10−18g cm−1 and
10−7g cm−1, which cover the entire range for protoplan-
etary disks around low-mass stars. Dust grains are the
primary source of opacity in almost the entire disk, al-
though above the dust sublimation temperature of about
1500 K, line and continuum absorption as well as scat-
tering due to molecular species becomes important. The
temperatures near the inner boundary of the disk do not
significantly exceed this value for a layered disk model.
However, in a fully magnetically active disk, represented
by a constant value of αa = 0.01 in the simulations, the
inner regions get much hotter in comparison due to vis-
cous heating. We will show that such a disk exhibits
self-regulating thermal instability outbursts associated
with the steep dependence of opacity on temperature–
in particular, the opacity caused by molecular lines of
water vapor shapes these regions of instability.
Table 1 lists the simulations that are considered in
this paper for the analysis of the outbursts. We study
one representative instance of an MRI outburst that
occurred in the fiducial model presented in Kadam et
al. (2019), i.e., in model1 T1300 S100. Here, the total
mass of the gas in the initial prestellar cloud core (Mgas)
was set to 1.152 M, while the ratio of the rotational
to the gravitational energy (β) was consistent with
the observations of prestellar cores. We qualitatively
demonstrated the effect of the model parameters Σa
and Tcrit as well as the initial core mass, with the help
of three additional simulations – model1 T1300 S10,
4Table 1. List of Simulations
Model Name Mgas(M) β(×10−3) Tcrit(K) Σa (g cm−2) M∗,F(M)
model1 T1300 S1001 1.152 1.360 1300 100 0.74
model1 T1300 S10 1.152 1.360 1300 10 0.65
model1 T1500 S100 1.152 1.360 1500 100 0.74
model2 T1300 S100 0.346 1.355 1300 100 0.28
 Magnetically layered disk
model2 const alpha 0.346 1.355 – – 0.24
model2 const alpha 0.2au 0.346 1.355 – – –
}
Fully MRI-active disk
1 Fiducial layered disk model
model1 T1500 S100 and model2 T1300 S100, respec-
tively. To demonstrate the occurrence of thermal in-
stability, model2 const alpha is chosen, with a lower
initial prestellar core mass of 0.346 M. The table also
lists the “final” stellar mass (M∗,F) defined at 0.45 Myr.
The inner boundary was placed at 0.42 au, with the ex-
ception of model2 const alpha 0.2au where the inner
boundary was moved to 0.21 au in order to investigate
the nature of thermal instability. This simulation was
only conducted up to 0.1 Myr, and thus its final mass is
not listed. Note that we defer a quantitative, statistical
analysis of the burst phase to a subsequent paper when
all simulations have progressed past the classical T
Tauri phase and the disks show no more eruptions. The
resolution of all simulations was 512× 512 in the radial
and azimuthal directions, with logarithmic and uniform
spacing, respectively. The highest grid resolution in the
radial direction was 8.2× 10−3 au at the innermost cell
of the disk, while the poorest resolution near the outer
boundary of the cloud (at 10, 210 au) was about 202 au
for the fiducial model.
3. MRI OUTBURST
In this section we first explain the mechanism behind
an MRI outburst and then elaborate on its general prop-
erties with the help of an example case from the fiducial
layered disk model. We will also show the effects of
model parameters on such outbursts.
3.1. Mechanism
The mechanism behind MRI outbursts is inevitably
linked with the layered accretion occurring in proto-
planetary disks. MRI is considered to be the primary
source of viscosity in a protoplanetary disk in its non-
self-gravitating regions (Balbus & Hawley 1991; Hawley
et al. 1995). Because MRI causes turbulence due to the
shearing Keplerian motion of ionized gas coupled to a
weak magnetic field, the disk needs to have a sufficient
level of ionization for its sustenance. Galactic cosmic
rays are considered to be the major source of ioniza-
tion, penetrating a nearly uniform gas surface density
of the disk surface (Umebayashi & Nakano 1981). In
our model, this effect is parameterized by the constant
thickness of the active layer, Σa. Additional sources
such as stellar far-ultraviolet or X-ray radiation, and ra-
dioactive decay of short-lived isotopes are typically much
weaker in comparison at a few astronomical units from
the star (Turner et al. 2014). Collisional ionization of al-
kali metals is expected to occur at a certain temperature
(corresponding to Tcrit in our model), which can cause a
sudden, almost exponential rise of the electron fraction
in the gas. This condition is typically satisfied only in
the innermost 0.1-1 au of the disk, making this region
fully MRI active. Beyond about 15 au, because of the
disk’s low gas surface density as well as flaring geome-
try, the aforementioned external sources can penetrate
the entire disk column. This provides sufficient ioniza-
tion for the MRI to operate, making the outer disk fully
turbulent. A protoplanetary disk thus accretes through
a layered disk structure in the inner regions, where the
mass transfer primarily occurs in the ionized surface lay-
ers, while a magnetically dead zone forms in the mid-
plane (Gammie 1996). In the presence of powerful stel-
lar (or disk) winds or a strong magnetic environment,
it is possible that the disk is shielded from the galac-
tic cosmic rays (Spitzer & Tomasko 1968; Padovani &
Galli 2011). Despite these uncertainties and additional
complications due to nonideal magnetohydrodynamical
effects, most theories predict the formation of a dead
zone with low effective viscosity at the distance of a few
astronomical units from the star (Armitage 2011).
The dead zone essentially forms a bottleneck in the
angular momentum transport, and material can accu-
mulate in its vicinity due to the mismatch in mass trans-
fer rate. Gammie (1996) proposed that the buildup of
the material at the boundary of the dead zone will ul-
timately result in sufficient viscous heating to raise the
temperature above Tcrit. Then, the disk can abruptly
change its state from having a dead zone to being fully
magnetically active. One-dimensional models indeed
showed that layered accretion results in quasi-steady be-
havior of protoplanetary disks, with accretion outbursts
separated by quiescent intervals (Armitage et al. 2001;
Zhu et al. 2010; Martin et al. 2012). The mechanism was
5termed gravo-magneto (GM) instability, as the heating
from the viscosity due to self-gravity is responsible for
triggering MRI. The increased viscosity results in the ac-
cretion of the accumulated material onto the star, caus-
ing an accretion outburst. Recent studies show that
the dead zone is not entirely dead; several pure hydro-
dynamic instabilities, such as vertical shear instability,
convective overstability, zombie vortex instability, and
vertical shear instability, should cause a small, resid-
ual viscosity (e.g., Nelson et al. 2013; Klahr & Hubbard
2014; Marcus et al. 2015; Stoll & Kley 2016). With the
inclusion of such viscosity in the dead zone, the MRI is
triggered at the inner boundary of the disk due to vis-
cous heating in the dead zone, resulting in an inside-out
burst, as opposed to an outside-in burst with the GM
instability (Bae et al. 2013).
The outburst models mentioned so far are imple-
mented in one-dimensional approximation, and intrin-
sically non-axisymmetric behavior such as vortices is ig-
nored, while the effects of gravitational instability, large-
scale spirals, and clumps are parameterized using a local
viscosity. Bae et al. (2014) conducted two-dimensional
simulations of MRI instability, however, their model had
a few limitations. Their model for vertical disk struc-
ture was similar to that used for our simulations, with
a few key differences. The disk was considered MRI ac-
tive only when the azimuthally averaged midplane tem-
perature exceeded Tcrit. Thus, MRI was triggered at a
given radius throughout the disk simultaneously. Their
initial model started with a disk surrounding a proto-
star with an ad hoc surface density distribution, with
the outer boundary of the disk placed at 100 au. They
also implemented a 10% azimuthally asymmetric den-
sity fluctuation of the infalling material, without which
the simulations did not generate the gravitational insta-
bility (GI)-induced spiral waves responsible for accretion
bursts.
With the above limitations in mind, in Kadam et al.
(2019) we presented a set of simulations to investigate
the formation and evolution of protoplanetary disks ac-
creting through the magnetically layered structure. As
described in Section 2 the simulations started with the
collapse phase of the parent molecular cloud, thus in-
cluding the disk formation and early T Tauri stages
of evolution. We noted the effects of model parame-
ters Tcrit and Σa as well as those of the initial mass
of the cloud core, and contrasted the findings with
fully magnetically active disks. We showed that dur-
ing the evolution of a layered disk of a sun-like star, a
dead zone forms in the inner ≈15 au region with the
canonical values of the parameters (Tcrit = 1300 K and
Σa = 100 g cm
−2, i.e., the fiducial layered disk model –
model1 T1300 S100). This dead zone was not uniform,
and near its inner boundary at a few astronomical units,
long-lived, axisymmetric, high surface density rings are
formed due to the action of viscous torques. These rings
were characterized by high surface density and low ef-
fective viscosity. The rings showed complex, dynamical
behavior; multiple gaseous rings could form simultane-
ously and showed merger as well as vortex formation.
A ring migrated inward faster than the local viscous
timescale due to the angular momentum carried away
by large-scale spiral waves. These waves were generated
because the accumulated gas in the rings was marginally
gravitationally unstable. As compared to the smooth
surface density structure of a fully MRI-active disk, the
rings formed in the magnetically layered disks showed
remarkable contrast in the conditions of the inner disk.
3.2. Outburst Analysis
Figure 1 shows the evolution of global quanti-
ties as well as that of the disk surface density for
model1 T1300 S100. Here, the evolutionary time starts
from the onset of gravitational collapse, i.e., at the start
of the simulation. The first panel shows the stellar
(L∗) and total (Ltotal) luminosities, where the former
is calculated through the stellar evolution code and the
latter is calculated as the sum of stellar and accretion
luminosities. The protostar is formed at about 0.09
Myr, and thus after this point, these quantities can
be measured. The second panel in Figure 1 shows the
evolution of the mean mass accretion rate onto the cen-
tral protostar (M˙∗,mean), as well as the envelope infall
rate (M˙infall). The accretion rate onto the protostar is
calculated from the amount of gas passing through the
inner computational boundary. The accretion rate is
averaged backwards in time with a rolling window of
10 and 40 yr, above and below an instantaneous value
of M˙∗ = 10−5M respectively. This averaging smooths
out the stochastic variations in the turbulent flow at the
inner boundary. The mass of the material passing to the
sink cell through the sink–disk interface is redistributed
between the central protostar and the sink cell with
a ratio of 95%:5%. For numerical stability, the inner
boundary condition is switched from outflow only (from
disk to sink) to inflow–outflow only after the formation
of the protostar. This switch causes an artificial peak
in the mass transfer rate, which is noticeable in Figure
1, and is ignored in the analysis of all models. The
mass transport rate at 500 au is used as a proxy for the
envelope infall rate for the disk. The third panel shows
the mass of the protostar (M∗) and that of the disk
(Mdisk). The disk remains a substantial fraction of the
mass of the central protostar throughout the evolution,
6Figure 1. Time-dependent quantities – total and stellar
luminosities, mean mass accretion rate, stellar and disk mass
– as well as spacetime diagram of the surface density of the
inner 20 au region for the fiducial model, model1 T1300 S100.
The arrow shows the particular eruption studied in detail.
ending up at about 40% of its mass after 0.5 Myr. At
the end of the simulation, the system can be considered
to be in a T Tauri phase, when most of the envelope has
accreted onto the central star and the disk.
After disk formation until about 0.4 Myr, M˙∗,mean ap-
proximately matches the steadily declining M˙infall. The
continuing infall from the envelope as well as the mas-
sive disk ensures the inner disk has sufficient supply of
mass coming in from the outer region at all times. Sev-
eral strong accretion events coinciding with the increase
in the total luminosity is noticeable throughout the evo-
lution. The strongest of these events increases the mass
transfer rate from about 10−6 to over 10−5M year−1
and the luminosity from a few L to few tens of L.
Some of the outbursts result from the migration of a
fragment onto the star; such clumps form when the disk
Figure 2. Time-dependent system properties (total lumi-
nosity, M˙mean, stellar mass) as well as surface density and
midplane temperature at the inner boundary during the
MRI outburst occurring in model1 T1300 S100. The vertical
dashed lines mark the time corresponding to the 2D plots
presented in Figures 3 and 1D profiles in Figure 4, while the
red dashed line shows Tcrit = 1300 K.
is massive and susceptible to local gravitational insta-
bility and fragmentation. The small-amplitude fluctua-
tions in the mass accretion rate in this early stage arise
from the propagation of spiral density waves due to the
complex disk structure. The last panel of Figure 1 de-
picts the spacetime diagram of the disk surface density
for the inner 20 au region. The high surface density
rings can be seen as diagonal patterns. In Kadam et
al. (2019), we stated that FUor-like accretion outbursts
occur at the discontinuities in the rings in the spacetime
diagram, which corresponds to the accretion of the ac-
cumulated material onto the central star. We now inves-
tigate a representative MRI outburst occurring at about
0.283 Myr, indicated by an arrow at the top in Figure
1. Note that the MRI outbursts across time as well as
7with different parameters of the layered disk model are
qualitatively similar.
Due to constraints on data storage, the time resolu-
tion of the output of the two-dimensional fields was 2000
yr. In order to investigate the outburst progression in
detail, we restarted the simulation from a suitable point,
and obtained outputs with a finer time resolution of 20
yr. Figure 2 expands on the 2500 yr period in the vicin-
ity of the MRI outburst indicated in Figure 1. This
is a typical MRI outburst and identified on the basis
of discontinuity in the innermost ring in the spacetime
diagram of the surface density. The vertical lines in Fig-
ure 2 correspond to slices of time that are analyzed in
detail in the following analysis. The first panel in this
figure shows the outburst profile in the total luminos-
ity of the system, which increased to about 75 L, with
a marginally asymmetrical rise and fall. The increase
occurred over approximately 100 yr while the total du-
ration was about 300 yr, thus, the eruption was slow
rising, and qualitatively similar to the observed V1515
Cyg eruption (Hartmann & Kenyon 1996). The second
panel in Figure 2 shows the evolution of the mass ac-
cretion rate onto the central protostar, which increased
from about 10−6 to few times 10−5Myear−1 during
the outburst. The third panel shows the mass of the
central protostar, which increases by about 1.1%. The
changes in M˙∗,mean and total luminosity as well as the
duration and the total amount of mass accreted during
the outburst are consistent with the observed estimates
for FUor eruptions (Audard et al. 2014). The last two
panels show the azimuthally averaged surface density
and midplane temperature at the inner boundary, i.e.,
at 0.42 au. The surface density increased substantially
by about an order of magnitude, while the temperature
crossed Tcrit = 1300 K at the onset of the outburst and
remained above this value throughout the duration.
Figure 3 depicts the development of the outburst in
terms of gas surface density distribution, midplane tem-
perature, and αeff over the innermost 10× 10 au region
of the disk. These snapshots of 2D distributions, or
“frames”, are marked in Figure 2 by the vertical dashed
lines. The first frame corresponds to 0.283380 Myr of
evolutionary time, and the successive frames are plotted
after the first one at the intervals of 140, 200, 360 and
520 yr, respectively. The frames were chosen such that
the disk behavior is captured during the rise, maximum,
and decline of the luminosity, as well as before and af-
ter the outburst. The first column in Figure 3 shows
the typical ring structure, also elaborated in Kadam et
al. (2019). The rings are characterized by high surface
density and low viscosity. The second column captures
the disk structure at the very beginning of the outburst
when fractures in the inner ring are noticeable. The
temperature increased starting at the inner boundary of
the disk, and the αeff also increased to the maximum
possible value of αa = 0.01, indicating MRI activation
in this region. The third column at 0.283580 Myr shows
the distribution near the peak of both the total luminos-
ity and mass accretion rate. At this stage, the maximum
extent of the progression of the MRI activation, up to
approximately 2 au, was observed. The boundaries of
the high-temperature region were smoother than that in
αeff , as the latter is activated similarly to a step func-
tion above the critical temperature. This MRI-activated
region fully engulfed the inner ring and the increased
viscosity transported this accumulated material inward,
resulting in the large mass transfer rate. The fourth col-
umn shows the declining phase when the MRI activation
front receded inward. As the mass was depleted from
within the inner disk region, the midplane temperature
dropped due to decreasing viscous heating and the MRI
front followed suit. Notice that throughout the outburst,
the MRI front showed spiral boundaries and substruc-
tures, primarily reflecting the non-axisymmetric activa-
tion of the MRI as well as the cooler gas moving in as
a result of steady accretion from the outer parts. In the
last frame, which is plotted after the outburst, the in-
ner ring completely disappeared. About 0.005 M or 5
Jupiter masses of gas, mostly accumulated in the reser-
voir of the inner ring, was accreted onto the protostar.
Figure 4 shows the azimuthally averaged profiles of the
quantities – surface density, αeff , midplane temperature,
Toomre Q parameter and vertically averaged pressure –
in the inner 30 au of the disk during the MRI outburst.
Note that the abscissae are in logarithmic units. These
profiles correspond to the vertical lines in Figure 2 as
well as frames presented in Figure 3. Two rings can
be seen before the outburst at the radius of approxi-
mately 1.2 and 3 au, with the inner ring being about
an order of magnitude more prominent in terms of the
surface density. The inward movement of the surface
density as well as complete disappearance of the inner
ring can be seen as the outburst progressed. A third
and much weaker ring can be seen at about 18 au near
the outer edge of the dead zone, which remains unper-
turbed throughout this time. The second panel shows
the evolution of Tmp; the temperature front clearly orig-
inated near the inner boundary of the disk and moved
outward. As the midplane temperature crossed Tcrit, the
ionization front in terms of αeff followed this advance-
ment, reaching its maximum value of αa = 0.01. Note
that as the activation of MRI above Tcrit is assumed
to be a step function (Equation 4), the azimuthally av-
eraged αeff always lagged behind the Tmp profile in its
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Figure 3. The temporal behavior of the gas surface density, midplane temperature and αeff in the inner 10× 10 au box of the
layered disk, showing the progression of the MRI outburst.
radial progression. The origin of the outburst near the
inner boundary and its outward advancement are con-
sistent with the “inside-out” burst models. With the
inclusion of dead zone residual viscosity, even when the
magnitude of αrd is small, the MRI is triggered in the
innermost region due to the action of viscous heating
in the dead zone (Bae et al. 2013). The ionization or
MRI front decelerates as it propagates in the outward
direction in a “snowplow” fashion. This leads to a slow-
rising mass accretion rate and a similarly blunt increase
in the accretion luminosity (Lin et al. 1985). In contrast,
an inward-traveling front will produce an “avalanche”
effect, achieving a sharply rising light curve. The Q
parameter in the fourth panel of Figure 4, defined as
Q = csΩ/piGΣ in the usual notation, quantifies the sig-
nificance of the self-gravity (Toomre 1964). The self-
gravity is typically significant at larger radii; however,
due to the large amount of gas accumulated in the vicin-
ity of the rings, this region is marginally unstable, show-
ing Q ≈ 2. The last panel shows the vertically averaged
pressure profiles. Local maxima in pressure are notice-
able before the outburst at the location of the rings,
which can act as dust traps and accumulate solid ma-
terial. These pressure maxima are strongly perturbed
across the outburst. The azimuthal profiles of all the
quantities remained unperturbed in the outer region, be-
yond about 5 au.
In order to probe the conditions at the inner ring dur-
ing the outburst, similar to Kadam et al. (2019), we
define a ring to be the structure corresponding to the lo-
cation of the maximum surface density at a given time.
Note that multiple rings may be simultaneously present
at any given time. However, this method should obtain
an insight into the local quantities at the inner, most
prominent ring, which is relevant across the MRI out-
burst. In Figure 5 we consider the evolution of the quan-
tities at the location of the inner ring between 0.2825
and 0.285 Myr. This time interval is identical to that
considered in Figure 2, with the vertical lines marking
the frames corresponding to Figure 3. Figure 5 is sim-
ilar to Figure 7 in Kadam et al. (2019), where now we
have sufficient time resolution to study the behavior of
the disk during the outburst. The first row shows the
radial location of the ring. On this timescale, the in-
ward migration of the ring before the outburst, as may
be inferred from Figure 1, is not noticeable. The sud-
den inward drift that started at about 0.2835 Myr cor-
responds to the MRI getting triggered at the ring loca-
tion. The discontinuity near the end of the outburst at
about 0.2837 Myr occurs because at this point, the in-
9Figure 4. Progression of the azimuthally averaged profiles
of surface density, midplane temperature, αeff , Q-parameter
and vertically averaged pressure during the MRI outburst.
ner ring has lost sufficient mass for its surface density to
decrease below the maximum value. The maximum in
surface density thus corresponds to the next prominent
ring. The rate of inward drift of the ring, and by proxy
the maximum in the pressure, during the outburst was
about 4500 au Myr−1. This is over two orders of magni-
tude faster than the inward migration rate of the rings
at approximately 25 au Myr−1.
The next three rows of Figure 5 show the maximum in
surface density, αeff , and midplane temperature at the
location of the ring respectively. The initial sharp de-
cline in Σmax is because of the dissipation of the steep
density gradients of the ring after the sudden increase in
viscosity. After the surface density profile was flattened
out, the rate of dissipation was proportionally slowed
down. The qualitative evolution of the sharply peak-
ing ring into a blunt profile can also be inferred from
Figures 3 and 4. The triggering of MRI can be seen as
Figure 5. Properties of the innermost ring are plot-
ted as it evolved across the MRI outburst occurring in
model1 T1300 S100. The first panel shows its location, de-
fined as the radius of the maximum surface density at a given
time. The remaining panels show Σmax, αeff , Tmp, kinematic
viscosity and viscous timescale at this location. The vertical
dashed lines mark the time corresponding to the 2D plots
presented in Figure 3.
the sharp rise in αeff to the maximum possible value of
αa = 0.01. As the midplane temperature stayed above
Tcrit throughout the development of the outburst, αeff
also stayed in high state over this period. Comparing
the midplane temperature at the location of the ring
to that at the inner boundary (Figure 2), the inside-
out progression of the MRI front can be inferred. The
last two rows in Figure 5 depict the evolution of kine-
matic viscosity and viscous timescale at the ring loca-
tion. The viscosity increased sharply at the onset of
the outburst and decreased sharply at the end of it. Its
magnitude is given by νkin = αeffc
2
s/Ωk. Because the
first two terms are almost constant through the outburst
(cs is proportional to Tmp), the decrease in νkin during
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the outburst reflects the inward drift of the ring. The
viscous timescale, Tvisc = r
2/νkin, decreased over three
orders of magnitude during the outburst. The viscous
timescale during the outburst is consistent with its total
duration of about 300 yr.
3.3. Effect of Model Parameters
We analyze the effects of the decrease in the stellar
mass with the simulation model2 T1300 S100. This is
the fiducial low-mass model in Kadam et al. (2019), with
the total cloud gas mass of 0.346M, ultimately produc-
ing a fully convective star. Figure 6 shows the evolution
of global, time-dependent quantities and the spacetime
diagram for this model. The total luminosity shows fluc-
tuations for the initial duration of about 0.2 Myr, and
then it approaches that of the central protostar. The
evolution of mass accretion can be followed past when
the infall from the parent cloud has stopped. In the
early phase, the mass accretion rate showed fluctua-
tions related to the stochastic variations while accret-
ing through a massive disk and associated propagation
of spiral waves. As seen in the spacetime diagram of
the surface density in the last panel, the ring formed
at about 0.15 Myr and migrated inward. However, this
ring was soon accreted onto the central protostar, and
successive rings did not form. Due to the lower proto-
stellar mass and consequently insufficient viscous heat-
ing, the midplane temperature of the disk never reached
Tcrit after the formation of the ring. The ring eventually
viscously dissipated after getting too close to the inner
boundary. The infall had already stopped at this point
and the mass in the outer disk reservoir was insufficient
to sustain further ring formation. Thus, the mass of the
cloud core profoundly affected the outbursting behavior
of the disk, where, although a high surface density ring
was formed, no MRI bursts were observed. The absence
of MRI outbursts in this model indicates that there may
be a lower limit for the stellar mass, below which FUor
eruptions by this mechanism do not occur.
The effect of MRI activation temperature is studied
using model1 T1500 S100, where Tcrit is set to 1500 K.
The spacetime diagram in Figure 7 shows the formation
of complex ring structures which qualitatively look sim-
ilar to those formed in the fiducial model with Tcrit =
1300 K. These rings also migrate inward and seem to
eventually disappear; however, there is one key differ-
ence. In the spacetime diagram, the discontinuity when
a ring disappeared was not abrupt but spread over time.
The corresponding mass accretion rate as well as the lu-
minosity burst were also much diffused, e.g., as observed
at about 0.39 Myr. Analysis similar to that performed in
Section 3.2 revealed that during these accretion events,
Figure 6. Time-dependent quantities – total and stellar lu-
minosities, mean mass accretion rate, stellar and disk mass –
as well as spacetime diagram of the surface density of the in-
ner 20 au region for the low-mass model, model2 T1300 S100.
the disk temperature never reached the set critical tem-
perature. As a consequence, the rings migrated inward
and eventually viscously dissipated after getting close
to the inner boundary. Thus, an increase in Tcrit signif-
icantly affected the outbursting behavior of the disks in
our simulations. Here, the rings were formed; however,
MRI bursts were not produced and the rings directly
crossed the inner boundary. The exact characterization
of such accretion events needs further analysis.
The uncertainty in the thickness of the active layer
is substantial, and Σa can have a much lower value if
the disk is shielded from cosmic rays by the magnetic
environment of the disk (Cleeves et al. 2013). Figure 8
depicts the effects of decreasing active layer thickness to
10 g cm−2. As described in Kadam et al. (2019), in this
case a more effective bottleneck is formed in the angular
momentum transport. Thus, the rings formed are more
massive and show much slower inward migration. This
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Figure 7. Time-dependent quantities – total and stellar
luminosities, mean mass accretion rate, stellar and disk mass
– as well as spacetime diagram of the surface density of the
inner 20 au region for model1 T1500 S100.
initial period was dominated by occasional MRI bursts,
as can be seen in the discontinuities in the spacetime
diagram, while after about 0.35 Myr of evolution, the
mass accretion rate stabilized to a few times 10−7. The
MRI outbursts associated with the discontinuities in the
spacetime diagram were more powerful than the fiducial
case. This was because of the larger amount of accu-
mulated mass in the inner disk region. The signatures
of the outburst are also seen in the mass of the star,
which increased abruptly during these events. The disk
remained at a substantial fraction of the stellar mass at
the end of the simulation. Both the continual formation
of the rings and the large disk mass suggest that MRI
outbursts will continue to occur at later times. Grad-
ual radiative cooling may, however, decrease the disk
temperature, thus making the MRI bursts less likely.
From Table 1, the final protostellar mass of 0.65 M
was notably smaller than that for the fiducial layered
Figure 8. Time-dependent quantities – total and stellar
luminosities, mean mass accretion rate, stellar and disk mass
– as well as spacetime diagram of the surface density of the
inner 20 au region for model1 T1300 S10.
disk model, again indicating a significant impediment
to accretion through the disk with a lower Σa. A more
quantitative analysis of the outbursting phase will be
performed after the entire “ring phase” of the disk evo-
lution had been simulated.
4. THERMAL INSTABILITY
The classical thermal instability was originally pro-
posed to explain the observed outbursts in cataclysmic
variables, i.e., dwarf novae in disks around accreting
white dwarf systems (e.g., Patterson 1984; Lasota 2001).
The same mechanism was adapted for FUors as for out-
bursts resulting from an instability occurring in proto-
planetary disks by Bell & Lin (1994), which can be sum-
marized as follows. The disk is unstable if the rate of
heating increases with small perturbations in temper-
ature as compared to the rate of cooling, as this will
cause runaway heating of the disk. At a lower tem-
perature, the hydrogen in the disk is neutral, and the
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gas is optically thin at visible and infrared wavelengths.
When the temperature crosses the ionization tempera-
ture of hydrogen, the disk suddenly becomes optically
thick due to H− scattering. The steeply rising opacity
as a function of the temperature satisfies the condition
for local thermal instability in the disk. This is demon-
strated by the now well-known thermal equilibrium S
curve in the T–Σ plane. The classical thermal insta-
bility takes place in the disk at temperatures of about
7000 K, or corresponding mass transfer rates, which can
easily be achieved in cataclysmic variables. However, a
protoplanetary disk is much cooler, and it is debatable
if the disk can get to these hot temperatures. It may be
possible that the temperature can approach this value
very close to the star, at about 0.1 au. However, as a
consequence, a Shakura & Sunyaev (1973) α value of
about 10−3, which is an order of magnitude lower than
that expected in the presence of MRI, is needed to match
the timescale of the observed bursts. Radiative transfer
modeling of the disk of the prototype FU Orionis also
implies that this outburst extends to 0.5–1 au (Zhu et al.
2007). These have been some of the drawbacks of the
thermal instability as a model for outbursts in proto-
planetary disks. In this section, we will analyze the out-
bursting behavior in fully MRI active disk simulations,
which is analogous to the classical thermal instability,
occurring at much lower temperatures. These outbursts
were completely absent in the layered disk models.
Figure 9 shows the evolution of global simulation pa-
rameters as well as the spacetime diagram of the gas
surface density for model2 const alpha. We chose this
low-mass model to demonstrate the thermal instability
because the luminosity bursts were not contaminated by
clump accretion. The first panel in Figure 9 shows the
luminosity curve where several distinct outbursts can
be identified with a peak magnitude between 10 and 20
L. The corresponding mass accretion rate of about
10−5Myear−1 during an outburst can be seen in the
second panel. The eruptive phase of the disk lasted a
relatively short time during the early evolution of the
disk before about 0.1 Myr, when the surface density in
the inner disk was relatively high. The mass transfer
rate stabilized to a few times 10−7 after this point. Suc-
cessive evolution showed a relatively steady and mono-
tonically decreasing accretion rate. The envelope mass
infall rate, measured at 500 au, shows negative values
after about 0.15 Myr because of the viscous spread of
the disk. During this early, eruptive phase of the system,
the disk was massive and contained over 50% of the mass
of the star at the time. The spacetime diagram of sur-
face density was monotonically decreasing with radius
and showed a much smoother evolution with time. The
Figure 9. Time-dependent quantities – total and stellar
luminosities, mean mass accretion rate, stellar and disk mass
– as well as spacetime diagram of the surface density of the
inner 20 au region for the fully MRI-active and low mass
model, model2 const alpha. The arrow shows the particular
eruption studied in detail.
surface density in the inner disk region of a fully MRI-
active disk looks very different as compared to that of
a magnetically layered disk, as the latter forms a dead
zone with dynamical rings. In Table 1, it is noticeable
that the final protostellar mass of model2 const alpha
was marginally less than that for the corresponding lay-
ered disk model (model2 T1300 S100). This can be ex-
plained by the fact that a fully magnetically active disk
can inhibit the strength of gravitational instability in
the initial stages, thus reducing the accretion rate due
to gravitational torques (Rice & Nayakshin 2018).
Figure 10 focuses on the period of 2000 yr, encompass-
ing a typical mass accretion event occurring at about
0.049 Myr, indicated by an arrow in Figure 9. The first
panel shows the luminosity outburst with a peak total
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Figure 10. Time-dependent system properties (total lumi-
nosity, mean mass accretion rate, and stellar mass) as well as
Rosseland and Planck opacities, and surface density and mid-
plane temperature at the inner boundary during the thermal
instability outburst. The inner boundary was placed at 0.42
au (model2 const alpha). The vertical dashed lines mark
the time corresponding to the 1D profiles presented in Fig-
ure 11.
luminosity of 12 L. The luminosity curve is asym-
metric, showing a fast rise over about 50 yr, and a
slow decline lasting approximately 300 yr. The mass
transfer rate can be observed to rise from a baseline
value of about 2 × 10−6 to 2 × 10−5 at the maximum.
The estimated amount of accreted material was about
0.0025 M or about 2 % of the stellar mass at the time,
Figure 11. Progression of the azimuthally averaged profiles
during the thermal outburst, with the inner boundary placed
at 0.42 au (model2 const alpha).
over the duration of the outburst. As seen in the third
panel, the stellar mass rose relatively smoothly across
the accretion event. The next three panels in Figure
10, Rosseland and Planck optical depths, surface den-
sity, and temperature, all at the inner boundary, give
us an insight into the mechanism behind this instability.
The optical depths are calculated as τ = Σκ/2, for the
respective opacities. At the inner boundary, they serve
as a proxy for the opacity at a given surface density.
The percentage change in the optical depth is calculated
with respect to an approximate base value at the begin-
ning of the time period under consideration. Because
the disk at this point is in the optically thick regime
(τ  1 in Figure 11), the Rosseland optical depth dom-
inates the disk cooling. The Rosseland optical depth
increased over four times across the outburst, which im-
plies that the disk cannot cool efficiently over this time
period. The Planck optical depth showed no significant
changes. The midplane temperature at the inner bound-
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ary increased from about 1500 K to 2400 K mirroring
the Rosseland optical depth. The slowly increasing sur-
face density at the inner boundary before the outburst
reflects the buildup of material in the inner disk region.
During the outburst, a significant decrease in the sur-
face density was observed as the accumulated material
accreted onto the central star. The increase in temper-
ature coinciding with a similar behavior of Rosseland
optical depth across the outburst is consistent with an
instability resulting from runaway heating of the disk.
However, because the instability sets in at about 1400 K,
it is clear that the outburst was not a result of classical
thermal instability which occurs at 7000–10000 K due to
ionization of hydrogen. We call this “general” thermal
instability TI-1. The last row of Figure 10 shows the
viscous timescale at the inner boundary. In this case,
viscous timescale reflected only the change in the local
sound speed due to the increase in temperature, and its
average value across the outburst is consistent with the
outburst duration of a few hundred years.
Figure 11 probes the inner disk structure with the az-
imuthally averaged profiles of quantities – surface den-
sity, Rosseland and Planck optical depths, midplane
temperature, and vertically averaged pressure – in the
inner 2 au of the disk during TI-1. Note that the abscis-
sae are in logarithmic units. These profiles are aimed at
capturing the temporal behavior of the disk at the inner
boundary, as opposed to the luminosity burst, and cor-
respond to the vertical dashed lines in Figure 10. In Fig-
ure 11, the surface density was monotonically decreasing
with the radius before the outburst. The outburst pro-
gressed in an inside-out fashion in the radially outward
direction, producing the local maxima seen in surface
density profiles. The Rosseland optical depth profile
changed as seen in the second panel, extending up to
0.5 au, while no significant change in the Planck optical
depth was observed. When the Rosseland optical depth
increased near the inner boundary, the cooling was af-
fected, resulting in the increase in temperature. The
midplane temperature at the inner boundary before the
onset of the instability was approximately 1520 K, ris-
ing to the maximum value of 2400 K. A small hysteresis
in temperature was after the outburst, as the midplane
temperature settled at a value of 1490 K. The radial ex-
tent of the outburst in terms of temperature was similar
to that of the Rosseland optical depth. The pressure
profiles remained monotonically decreasing throughout
this time.
Heretofore the inner boundary of the grid was placed
at 0.42 au for all of our investigations. However, the
innermost region encompassing the TI-1 outburst (up
to 0.5 au) extended about 10 grid cells and thus only
marginally resolved. In order to study the transition of
the disk to a higher temperature state in more detail,
we placed the inner boundary of the simulation at 0.21
au, in model2 const alpha 0.2au, keeping all other pa-
rameters identical. Figure 12 shows a typical outburst
occurring in this simulation, termed TI-2. This particu-
lar outburst at about 0.0538 Myr was selected because
of its proximity to the evolutionary time corresponding
to the TI-1 outburst analyzed earlier. Note that the plot
focuses on the 1000 yr surrounding the outburst. The
maximum total luminosity reached about 8 L, with
an associated mass accretion rate of 10−5 Myr−1. The
mean accretion rate and the derived luminosity outburst
were bimodal due to the short duration of the burst as
well as the rolling window averaging described in Sec-
tion 3.2. However, the main luminosity outburst lasting
about 20 yr was accurately represented. The plots of the
optical depths, surface density, and temperature at the
inner boundary are qualitatively similar to those for the
TI-1 outburst. Thus, it is clear that the outburst was re-
lated to a thermal instability in the inner disk. However,
as compared to TI-1, there were some key differences.
The peak temperature reached about 4550 K, while the
maximum density reached over 4.1× 10−4 g cm−2. The
temperature also showed hysteresis with respect to pre-
and post-outburst values of about 3750 K to 3200 K. The
peak values of both temperature and density were higher
than the TI-1 outburst investigated previously, although
still much less than classical thermal instability. The
Rosseland optical depth also showed a relatively small
change of about a factor of 2. The viscous timescale
was shorter in this case because of higher temperature
as well as the small radial distance under consideration.
These differences suggest that the disk instability, al-
though fundamentally similar, was not identical to TI-1
burst.
In Figure 13 the azimuthally averaged profiles of the
quantities – surface density, Rosseland and Planck opti-
cal depths, midplane temperature, and vertically aver-
aged pressure – are presented for the inner 1 au of the
disk during the TI-2 outburst. The profiles correspond
to the instances of time indicated by the vertical dashed
lines in Figure 12. Note that the profiles are sampled
at a temporal resolution of 20 yr, as opposed to 40 yr
in Figure 11. Similar to the TI-1 outburst, the surface
density profile showed an inside-out advancement. The
radial extent of the TI-2 outburst was only about 0.25
au. The Rosseland optical depth increased across the
burst, while the midplane temperature showed a similar
trend. The extent of the outburst was again marginally
resolved with about 10 grid cells.
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Figure 12. Plots for thermal instability, similar to Fig-
ure 10, but with the inner boundary placed at 0.21 au
(model2 const alpha 0.2au). The vertical dashed lines
mark the time corresponding to the 1D profiles presented
in Figure 13.
The most notable feature of the radial profiles in Fig-
ure 13 was the structure of the disk at 0.45 au. Inside of
this radial distance, the midplane temperature crossed
about 1500 K, and rapidly increased to a higher value of
about 2400 K. These temperature thresholds are similar
to the maximum extent in temperature across the pre-
viously described TI-1 burst. A corresponding abrupt
increase in Rosseland opacity can also be seen at this
radius. The density showed enhancements similar to
Figure 13. Progression of the azimuthally averaged profiles
during the thermal outburst, with the inner boundary placed
at 0.21 au (model2 const alpha 0.2au).
those during an outburst, forming a ring at this radius.
The disk structure observed at 0.45 au was secularly
stable and did not induce a global instability. Thus, the
disk seems to have continued across the transition in
the state associated with TI-1 and found another stable
state. This TI-1 transition region showed inward mo-
tion following the decreasing temperature as the disk
viscously evolved and cooled down. There were no as-
sociated maxima in pressure, which increased monoton-
ically in the inward direction at all times. The disk
evolved such that the increasing temperature was com-
pensated by the decreasing surface density across the
transition region, maintaining a smooth radial pressure
profile.
As mentioned earlier, thermal instability arises when
the opacity is a rapidly increasing function of tempera-
ture. The Rosseland and Planck mean opacities used in
the heating and cooling functions in our model were ob-
tained from the Semenov et al. (2003) opacity tables (see
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Figure 14. Progression of the thermal instabilities in the
ρ–T plane, with the Rosseland opacity in the background.
The top and bottom panels show TI-1 and TI-2 with the
inner boundary placed at 0.42 (model2 const alpha) and
0.21 (model2 const alpha 0.2au) au respectively. The solid
points show the value at the inner boundary. The vertical
lines mark density in the vicinity of the instabilities, plotted
in Figure 15.
Kadam et al. (2019) for the equations). In order to inves-
tigate the opacity structure, in Figure 14 we plot the az-
imuthally averaged midplane temperature as a function
of central density of the disk, as both the thermal insta-
bility outbursts progressed. The central density was cal-
culated assuming a vertical thermal equilibrium, as this
timescale is much shorter than that for the viscous evo-
lution. The color diagram in the background shows the
Rosseland opacity from the tables in logarithmic units,
which is a function of local density and temperature.
The top panel shows progression across TI-1 with the in-
ner boundary of the disk is placed at 0.42 au, while in the
bottom panel shows that for TI-2 where the boundary
is placed at 0.21 au. Most of the disk on this ρ–T plane
lies near the y-axis, at low densities and temperatures.
The filled circles denote the values at the inner bound-
ary, which is canonically the hottest and densest part of
a disk. The three instances – before, during and after –
are chosen at shortly before the outburst, at the maxi-
mum inner boundary temperature, and after this tem-
perature has returned to the pre-outburst value. Thus,
Figure 14 shows how the innermost regions of the disk
behave through the progression of thermal instability
with respect to the local opacity. During the outburst,
the region near the inner boundary of the disk jumps to
a state with higher temperature and lower density, as
Figure 15. The Rosseland and Planck opacities as a func-
tion of temperature at a constant density of ρ1 = 0.8 and
ρ2 = 2.8 ×10−8g cm−3. These densities are chosen in the
proximity of the occurrence of the two thermal instability
bursts, indicated by vertical dashed lines in Figure 14. The
increase in midplane temperature across the thermal insta-
bilities is marked by the shaded gray regions, which also co-
incide with the relatively steep increase in Rosseland opacity.
well as a higher value of opacity. The reverse is true at
the end of the outburst, when the disk falls near its orig-
inal, pre-outburst state. Noticeable hysteresis was seen
in the temperature for TI-2, as it returned to a smaller
value at the end. The most notable feature of TI-2 in
the bottom panel was the continuous transition across
TI-1 and the secular stability of this region. The plot
suggests that although the disk was locally unstable to
TI-1, this did not manifest as a global disk instability.
In order to investigate the opacity structure in detail,
in Figure 15 we plot the cross section of the opacities
at a constant surface density of ρ1 = 0.8 and ρ2 = 2.8
×10−8g cm−2 from Semenov et al. (2003). These den-
sities are in the vicinity of the two thermal instabilities
and are indicated by the vertical dashed lines in Fig-
ure 14. Both axes are in logarithmic units for direct
comparison with previous studies. The dust opacities
dominate below about 1500 K, and above this temper-
ature, dust is sublimated, decreasing the opacity sig-
nificantly by several orders of magnitude. Thus, above
this temperature, gas opacities come into the picture.
The gray regions in the plot show the two temperatures
regimes – about 1500–2400 K for TI-1 and 3200–4500
for TI-2 – depicting the extent of temperatures across
the thermal instabilities. Note that the relatively steep
dependence of Rosseland opacity on temperature coin-
cides with these regions. Across the extent of TI-1, the
temperature exponent (d ln κRos/d ln Tc) was large and
positive at about 4.6, while that across TI-2 was about
4.0. The bump in Rosseland opacity occurring in this
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Figure 16. The limit-cycle behavior of a disk during MRI
outburst as well as TI-1 and TI-2 at a fixed radius of 1.2,
0.42, and 0.21 au, respectively. The gray area shows the
temperature range over which the disk is prone to thermal
instabilities, while the dashed line marks the critical temper-
ature for MRI ignition.
region, peaking at about 2500 K is almost entirely due to
molecular absorption by water vapor, with some contri-
bution from TiO (Alexander & Ferguson 1994; Semenov
et al. 2003; Ferguson et al. 2005). The region unstable to
TI-1 was terminated near the maximum of this opacity
bump. The region unstable to TI-2 terminated at an in-
flection point in the opacity curve caused by a combina-
tion of molecular lines and continuous opacity from H−.
Opacity due to water was not considered in Bell & Lin
(1994), and their models showed only classical thermal
instability similar to dwarf novae. Although hydrogen
starts to ionize at a few thousand kelvin, the instability
sets in at a much higher temperatures of about 5000 K
when the temperature exponent becomes large (& 7),
and stops when the disk is fully ionized (Lasota 2001).
Note that the exact temperature ranges over which the
disk is prone to TI-1 and TI-2 depend on the local values
of density. The existence of generalized thermal insta-
bilities, TI-1 and TI-2, implies that the chemical com-
position of the parent cloud core, in particular the water
content, can significantly affect the outbursting behav-
ior of a protoplanetary disk via its contribution to the
opacity.
The classical thermal instability is well understood as
an S curve on the T–Σ plane, where the branches of the
stable disk solution are obtained by considering ther-
mal equilibrium. There is a region between certain disk
temperatures, and consequently the mass transfer rates,
that has no steady-state solutions and is unstable. If
the local state of the disk falls within this area in the
T–Σ plane the disk is inherently unstable to thermal per-
turbations. This may result in rapid interbranch tran-
sitions, and the disk may exhibit time-dependent disk
evolution with an associated accretion outburst. Mar-
tin & Lubow (2011) demonstrated that the GM insta-
bility, where the MRI is triggered by viscous heating
in the gravitationally unstable regions, may also be in-
terpreted as an analogous limit cycle. Figure 16 shows
the temporal evolution of the state of a disk at a given
radius during the two thermal instabilities in this sec-
tion, as well as the instance of MRI outburst described
in Section 3. A radius of 1.2 au was chosen to show the
MRI instability, while the values at the inner bound-
ary (0.42 and 0.21 au, respectively) were chosen to best
demonstrate TI-1 and TI-2 instabilities. Consider the
curve for MRI instability. The path traced before the
outburst reflects the inward migration of the ring across
this radius. As the location of the ring is cooler than
its surroundings due to lower viscous heating in the re-
gion, the disk state makes a rightward excursion. During
the MRI outburst occurring above Tcrit, the disk rapidly
changes its state to a fully MRI-active branch. Here the
disk can cool and repeat the limit cycle for MRI out-
burst. During the thermal instabilities shown in Figure
16, the disk makes a rapid transition from a lower (cool)
to an upper (hot) stable branch, both of which are MRI
active. The regions in between the stable states result
from the steep opacity dependence on temperature and
thus are unstable to runaway heating. During an out-
burst, the mass is drained through accretion on a shorter
viscous timescale, and the successive cooling of the disk
results in a transition back to the lower branch. Note
that both TI-1 and TI-2 depended on the location of
the inner boundary and due to the limitation of our nu-
merical tools, we could not conclusively establish their
global nature. Further investigations are needed to con-
firm the outbursting nature of a disk exhibiting such
locally unstable annuli.
5. CONCLUSIONS AND DISCUSSIONS
In this study, we investigated the nature of outbursts
occurring in the global hydrodynamics simulations of
magnetically layered disks as well as fully MRI-active
disks. We showed that a typical protoplanetary disk
with a layered structure exhibits global disk instability,
which results in recurring MRI outbursts. The outburst
duration (a few hundred years), magnitude (≈ 100L),
the peak mass accretion rate (≈ 10−5M year−1) as
well as the radial extent in terms of temperature (≈ 2
18
au) are consistent with the FUor eruptions observed in
young stellar objects (Hartmann & Kenyon 1996; Zhu
et al. 2007; Audard et al. 2014). The stellar mass, MRI-
triggering temperature, and the thickness of the active
layer can all significantly affect the outbursting behavior
of a protoplanetary disk. The low-mass model, which
ends up with a final protostellar mass of about 0.28 M,
did not show MRI outbursts, indicating a lower mass
limit for observed eruptions similar to FUors. At an in-
creased value of Tcrit the MRI outbursts were not trig-
gered, while at a lower value of Σa the eruptions were
more powerful. Due to the inside-out advancement of
the eruption, the rise time of the MRI outburst was
much longer than that observed in typical FUors. For
example, FU Ori and V1057 Cyg have a rise time of the
order of a year, while V1515 Cyg shows an order of mag-
nitude slower rising light curve (Hartmann & Kenyon
1996). One explanation for this discrepancy may be
that the dust physics was not explicitly included in the
simulations. When the rings are formed, the dust can
rapidly accumulate due to pressure maxima in this re-
gion. As the dust dominates the opacity, in its presence
the MRI can possibly be triggered in an outside-in fash-
ion, resulting in fast-rising outbursts consistent with the
majority of FUor observations. We are planning to in-
vestigate the effects of dust in an upcoming study with
the inclusion of a two-part dusty component similar to
Vorobyov et al. (2018).
The fundamental mechanism of the thermal instabil-
ities occurring in fully MRI-active disk simulations was
similar to the classical thermal instability due to ion-
ization of hydrogen; the rapid increase of opacity with
temperature results in thermal disequilibrium and the
system exhibits a limit cycle behavior. The opacity
caused primarily by the molecular line absorption by
water vapor resulted in a two distinct instabilities – TI-
1 and TI-2 – starting at about 1500 and 2400 K re-
spectively. Although both of these thermal instabilities
showed associated luminosity bursts in our simulations,
it is not clear if a global instability will always ensue
when there is such an unstable region within a disk. In
the case of model2 const alpha, the inner boundary of
the disk was sufficiently close to the region prone to TI-
1. However, when the boundary was moved closer to
the central protostar and away from the unstable region
in model2 const alpha 0.2au, the disk showed a con-
tinuous and secularly stable transition across TI-1. The
smooth transition across the unstable region near 0.45
au in Figures 13 and 14 suggests that the TI-1 instability
was only local, while a similar argument can be made for
TI-2. However, this study offers insights into the nature
of these thermal instabilities. Because TI-1 and TI-2 can
occur at much cooler temperatures as compared to clas-
sical thermal instability, these are more feasible within
the context of protoplanetary disks. During low-mass
star formation, the accretion disk is typically truncated
by the strong magnetic field of the star. At such small
distances, even when a dead zone is present in the early
stages, the disk is fully MRI active due to thermal ion-
ization. It is possible that in such a scenario, if the
locally unstable region encounters this magnetospheric
boundary, similar limit cycles will manifest as accretion
outbursts via disk-magnetosphere interactions. The out-
bursts may be related to TI-2 earlier in the protoplan-
etary disk’s evolution and eventually shift to TI-1 as
the disk cools. The eruptive phase of the disk will thus
depend on its mass (more specifically – on local tem-
perature and density), water content, and location of
the disk truncation radius. The viscous timescale at the
magnetosphere is proportionally shorter and consistent
with the observed EXor outbursts. Thus, TI-1 and TI-2
can possibly serve as a novel mechanism behind some
of the shorter duration accretion activity. Our current
numerical tool cannot probe such small distances, and
additional studies are required to determine the behav-
ior of these thermal instabilities conclusively.
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